Abstract Thin HIT solar cells combine efficient surface passivation and high open circuit voltage leading to high conversion efficiencies. They require a TCO layer in order to ease carriers transfer to the top surface fingers. This Transparent Conductive Oxide layer induces parasitic absorption in the low wavelength range of the solar spectrum that limits the maximum short circuit current. In case of thin film HIT solar cells, the front surface is patterned in order to increase the effective life time of photons in the active material, and the TCO layer is often deposited with a conformal way leading to additional material on the sidewalls of the patterns. In this article, we propose an alternative scheme with a local etching of both the TCO and the front a-Si:H layers in order to reduce the parasitic absorption. We study how the local resistivity of the TCO evolves as a function of the patterns, and demonstrate how the increase of the series resistance can be compensated in order to increase the conversion efficiency.
Introduction
Thin c-Si (mono crystalline silicon) based solar cells are excellent candidates to design light and flexible solar cells requiring a low amount of raw material. Theoretically, their energy conversion efficiencies may reach those of standard cells as long as the thickness of c-Si is at least of the order of 10 μm to 20 μm [1] . An efficient light trapping structure like a photonic crystal is necessary to enhance the absorption in the active material [1] [2] [3] [4] [5] [6] [7] [8] . As surface recombinations are much more critical for thin solar cells, the HIT (Heterojunction with Intrinsic Thin layer) structure is a powerful solution since it currently allows the best conversion efficiency with a c-Si absorber [9] . However, when collectors of minority carriers are located on both sides of the absorber, it is then necessary to add a TCO (Transparent Conductive Oxide) layer to collect carriers into the nearest metal finger. This layer also acts as an anti-reflective coating (ARC), and generally induces parasitic absorption at low wavelengths [5] . Optical simulations demonstrated that the total optical losses in the front a-Si:H and the TCO layers can correspond to a short circuit current density (J sc ) decrease up to 5 mA cm −2 for a thin film HIT solar cell [10] or up to 9.3% for a 1 μm thick micro crystalline solar cell [8] . The material used a e-mail: fabien.mandorlo@insa-lyon.fr to make the heterojunction itself can lead to additional absorption losses, including when it is made of a-Si:H [5] .
Patterning a standard vertical HIT structure by a photonic crystal (PC) is an efficient strategy to strongly increase the photonic current with thin absorbers [2, 3, 5, 6] . However, instead of using conformal TCO and collector layers on top of the PC (Fig. 1a) , we propose to pattern these two layers. A passivation step is necessary to protect the surface of the photonic crystal (blue element in Fig. 1b) . Then, parasitic absorption can be reduced leading to a higher short circuit current [8] . For an ultrathin solar cell (1 μm thick), such an alternative geometry drops down the parasitic absorption from 9.3% to 2.6%, leading to a 8.1% increase of the absorption in the active material [8] . However, the contribution of the series resistance corresponding to the travel of carriers towards the metallic fingers in the TCO also increases.
In this article, we investigate the influence of TCO patterning on the series resistance to quantify how much the overall efficiency of new generation solar cells with a front PC is impacted. First, we will theoretically investigate the influence of TCO patterning on the local series resistance which will be used to calculate its impact on a standard solar cell (156 × 156 mm 2 for instance). We will study how the photonic crystal orientation affects the electro-optical performances of the device. Last, we describe geometries for which the electrical losses could be neglected compared to the absorption increase in the active material, in order to increase the conversion efficiency.
Study of the local sheet resistance

Definition of the electric period
Figure 2 represents top views of two different solar cells patterned by a square lattice of cylinders holes, with a period T opt . The optical elementary pattern is delimited by dash lines, and its main directions can be aligned (a) or not (b) with the metallic finger. Considering that the cell is infinite in the direction of finger, the minority carriers generated under the PC then join electrodes by the shortest path and encounter a periodic pattern (blue squares in Fig. 2 ) towards the finger. The period of the electric pattern T el can be identical with the optical one in case (a) and 45 degrees shifted in case (b) leading to
Behavior of the local sheet resistance
The objective is to mimic nanopatterns like inverted nanopyramids (fabricated by wet etching [1, 5, 11] ) and cylindrical nanoholes (obtained by dry etching [4, 5, 11, 12] ), covered by a partial TCO layer. Figure 3 represents the electric periodic elements for a PC made of a square lattice of squares, rounds and diamonds with a top finger aligned (a) or not (b) with the PC directions. All these patterns were simulated using the 2D Silvaco ATLAS module [13] . The conductivity of the TCO layer (including if necessary the top carrier collector) induces an elementary sheet resistance R P C for these lateral current flows. The relative increase of this resistance compared to that one of the unpatterned solution R 0 will be called the degradation ratio r = R P C /R 0 . By considering a scale factor k, both resistances R P C and R 0 are proportional to ρ 0 · k −1 where ρ 0 is the resistivity of the patterned material. Consequently, r depends neither on ρ 0 nor on the size of the square pattern T el . For our study, we assume that the TCO layer has a constant resistivity even if the transport mechanisms can be more complicated and linked to the presence of traps and tunneling effects at the boundary of its grains in case of ITO [14, 15] . In this particular material, if the minimum dimension of the elementary sheet resistance is in the range of its grain size the degradation ratio r could be over-estimated since the crystal mobility is higher than that one of the polycrystalline ITO [14] .
Since optimal values of T opt are larger than 500 nm and T opt ≤ T el , only high values of f f (relative amount of etched TCO Layer) may be impacted, assuming that the grain size is in the same range as the TCO thickness (typ. 60-80 nm) [1, 4, 5, 11, 12] . Figure 4 shows the impact of the filling factor f f on the degradation ratio r. These simulations showed that it was not influenced by the orientation of the PC since we had exactly the same results (Fig. 4) for both structures in Figures 3a and 3b , even if the electric period T el is different. Actually, this degradation ratio only depends on the filling factor f f of the pattern.
The results show that for a low f f , the impact of the shape is limited, since the degradation is similar in all three cases (f f < 0.3). The difference between round patterns or square ones remains limited for f f smaller than 0.5. For PCs requiring a high f f (typ. >0.6), it is preferable to use a square pattern rather than a round one to minimize R P C .
Experimental determination of the degradation ratio
In order to confirm the dependance of r with f f , we performed various samples made of a thin patterned Al layer (fabricated thickness 100 nm) on a resistive c-Si substrate, deposited by a lift off process. To ensure compatibility with our LASER lithography setup (Heidelberg μPG101) in terms of precision, the period T el is increased up to 50 μm. Last, thicker metallic pads (200 nm) are locally deposited to collect current ( Fig. 5 ) and we apply the Transmission Line Method (TLM) to measure the patterned layer's resistance. For the sake of technological simplicity, we have chosen Aluminum since it is compatible with a lift-off process. Using a four probe measurement setup to limit the influence of the contact resistivity, we can plot Figure 6 for different filling factors f f and shapes of the holes.
All the TLM devices were made identically, on the same substrate with a controlled number of periods n between each pads, and same width W , except for the shape of the elementary pattern and its f f . As a consequence, the metal thickness t 0 is the same for all the characterized devices and n W = W/T el patterns are present in parallel.
Slopes in Figure 6b can be used to extract the resistance of the elementary pattern since it is equal to R P C /n W for the patterned TLMs and R 0 /n W for the unpatterned one. Consequently, their ratio corresponds to the measured degradation ratio r = R P C /R 0 (Tab. 1). In order to provide an accurate estimation of r, we measured the average size of the patterns with SEM observations and we interpolated datas from Figure 4 . Table 1 shows a very good agreement between the expected and experimental degradation ratios r with a maximum difference of 5%.
3 Impact of the patterns: from the local resistance to the series resistance of a large solar cell
In this part, we calculate the potential at the TCO surface and then deduce from the distance p between two metallic fingers the front side series resistance of a large solar cell. Figure 7 represents a HIT solar cell with a top surface photonic crystal. Every elementary electrical pattern produces a small photogenerated current j sc · T 2 el . In between each pattern, the lateral resistance corresponds to R P C , as described in the electrical circuit of Figure 7b .
TCO layer modeling with a resistance array
Around node n of the resistance array, the application of the Kirchhoff's current law states:
At position N , the node position is assumed to be located just in between two fingers, so that only half the current produced by an elementary pattern contributes to the ohm law:
At the finger, when the solar cell is short circuited, current I 0 is equal to the sum of the photogenerated current j sc · T 2 el ·(N −1/2), so the ohm law leads to the following initial condition:
Then, the solution of equations (1)- (3) with an arbitrary finger potential U 0 is:
(4) This equation gives the potential at the TCO surface between two fingers when the solar cell is short circuited.
Expression of the series resistance
Thanks to the surface potential U n , one can calculate the total dissipated power P j by Joule effect in the entire patterned TCO layer:
This equation leads to:
Let's introduce the series resistance R 1 S for a single strip of resistances so that it dissipates P j when delivering the total photogenerated current I 0 . This resistance depends on the orientation of the PC since the width of the strip is linked to T el . Then,
Then, assuming N 1, we get:
One may notice that this elementary resistance R S is different from the sheet resistance (equal to N · R P C ) of the same patterned layer. Indeed, the current sources are regularly spread on the length of the layer, instead of being applied on two opposite cross sections. If we neglect the influence of the bus bars connecting each fingers, a solar cell with a surface S contains S/(N · T 2 el ) elementary stripes in parallel with an elementary series resistance R 1 S . The length of these stripes is also equal to half the pitch p/2 = N · T el . As a result, the series resistance R S of such a solar cell is given by:
In case the lateral conduction is achieved in a single layer of resistivity ρ 0 and thickness t 0 (like a TCO), this last equation is also equal to:
since the sheet resistance R 0 is also equal to ρ 0 /t 0 for a square pattern with width and length equal to T el . From equations (9) or (10), the additional front series resistance is proportional to both the square of the pitch p and the perturbation of the local series resistance r. It is worth to notice that it does not depend on the orientation of the photonic crystal (Fig. 2) , even if the electric period T el may vary.
Degradation of the conversion efficiency of a large solar cell
Simulating a solar cell patterned by a PC to study the influence of the pattern on the series resistance is unfortunately not possible, since it would be necessary to simulate thousands of periods of the PC, which would require too much memory and computation time (even for a 2D simulation). However, equation (10) can be exploited to get the I-V curve of a realistic solar cell, and so its conversion efficiency, with the simulation of a single period of the PC and its "local" electric characteristic.
Estimation of the J sc gain
From [11] , cylindrical holes lead to a significantly lower f f than reverse pyramids, and so to a lower degradation ratio r (Fig. 4) . For this reason, we focus on cylindrical nanoholes optimized by 3D FDTD (Finite Difference Time Domain) simulations. As the parasitic absorption occurs in the short wavelengths, we consider an ultra thin HIT solar cell (1.1 μm) to maximize its photogeneration rate in the active layer. In order to get a more realistic estimation of the J sc gain than in [8] , we also take into account the a-Si:H layers dispersion characteristics.
When all the top surface is covered by the TCO and a-Si:H layers (Fig. 8a) , the thickness of these layers on the sidewalls is proportional to the thickness on the front and bottom surfaces of the pattern with a ratio extracted from experimental observations [5] . When patterning both the TCO and a-Si:H layers (Fig. 8b) , the passivation layer is not taken into account since it does not absorb light and its thickness (≤10 nm) can be neglected compared to the considered wavelength range. The optimization is applied on the thickness of the top and bottom a-Si:H and TCO layers and on the geometry of the pattern (period, size and depth). The optimal configurations correspond to Figure 8 . Whatever the patterning is, the convergence is reached for the same period (700 nm), but the backside mirror is slightly thicker in case of patterned TCO and aSi:H layers. For both structures, the diameter of the hole in the c-Si layer is quite similar: 490 nm and 480 nm, respectively. The optimized filling factor is equal to 0.37, leading to r ≈ 2.15 from Figure 4 .
The photonic current densities calculated in each layer (Tab. 2) demonstrate that all the photons that are not absorbed in the front TCO and a-Si:H layers are efficiently collected by the active layer. Indeed, the absorption in these two top layers is reduced by 0.3+0.8 = 1.1 mA cm −2 : this value matches the increase of the absorption in the c-Si absorber.
As a consequence, for cylindrical holes, even taking into account the presence of the a-Si:H layers that are more absorbing than the c-Si layer, we can still expect a current density gain higher than 1 mA cm −2 thanks to a lower parasitic absorption in the blue range of the solar spectrum. 
Estimation of the conversion efficiency losses in a large solar cell
In order not to depend on the geometry of the PC, we will consider an ideal solar cell ruled by its open circuit voltage V oc , its short circuit current I sc and its ideality factor n. As the series resistance R S does not influence both V oc and I sc for any solar cell, the following parts will focus on the conversion efficiency. Then, at first approximation, the current I and the voltage V of such a solar cell at temperature T are linked by;
derived from:
where the dark current I dark has been expressed as a function of V oc since it corresponds to I = 0. Equation (11) can be used to express the voltage V as a function of the current I, and so, the available electric power P :
(13) Then, the maximum conversion efficiency η of this ideal solar cell with a serial resistance R S can be found from this last expression by calculating the maximum of P (I).
In order to maximize the influence of R S , we will consider an efficient solar cell with a V oc , j sc close to the actual record for a HIT structure [16] , with the same conversion efficiency η 0 = 24.7%. We assume that a 75 nm thick ITO layer is responsible for the front series resistance increase. Finally, all the parameters are summed up in Table 3 . Figure 9 represents the degradation of the conversion efficiency η of this ideal solar cell as a function of the pitch p between the fingers and the degradation ratio r with the same vertical axis as for Figure 4 . The cases where r = 1 describe the evolution of the conversion efficiency for a TCO covering all the pattern (Fig. 1a) . When r > 1, the solar cell looks like Figure 1b with partial TCO and aSi:H layers. White contour lines obtained thanks to equations (9) show that for a given degradation ratio r, the conversion efficiency of the solar cell with a patterned TCO is the same as for the un-patterned one if both the pitch p and the width of the fingers (same optical shading) are divided by √ r. Consequently, patterning the TCO layer can be compensated by reducing the distance between two fingers to prevent the increase of the series resistance. Reducing the fingers width with the same ratio √ r would avoid extra shadowing, so parasitic absorption in the top metal layer would stay unchanged. Furthermore, by also scaling their width, Joule losses along the fingers are unchanged, with no additional electrical losses. Then, the solution presented in Figure 1b can be used to reduce the parasitic absorption in the TCO, and, under the condition that a smaller pitch with thinner fingers can be achieved, its conversion efficiency can be higher than for a solar cell like Figure 1a .
For instance, if we consider that a PC patterned thin film solar cell can reach the same performance as the Panasonic reference (pitch estimated at 2.3 mm) [16] , then a filling factor of 0.55 (pessimistic value since the previous part shows that it could be as low as 0.37) leads to a degradation ratio r ≈ 3.6 (Fig. 4) . Consequently, the minimum pitch is 1.2 mm for an ITO layer with a resistivity of 540 μΩ cm. The width of the fingers should also be divided by a factor ≈1.9 to keep the same shadowing and series resistance contribution of the electrical fingers. According to the International Technology Roadmap for Photovoltaic (ITRPV), it is expected that this 50% decrease of the fingers' width is reached in 10 years, passing from 45 to 22.5 μm [17] .
On the other hand, if technological considerations lead to constraints in terms of fingers width and periodicity, one can define a threshold value of the pitch p th for which the increase of the photogeneration is balanced by the increase of the series resistance in the TCO. This particular point depends on the solar cell itself (more particularly its J sc ). The main consequence is that our structure can be more efficient if p < p th . For instance, using the extreme example used for Figure 9 with a pitch of 1.5 mm (instead of 1.2 mm) for a PC with a f f equal to 0.55 induces a relative 2.4% conversion efficiency loss. In that case, the benefit of a 1 mA cm −2 current density increase would be compensated by the increase of the electrical losses, so the pitch should be chosen between 1.2 and 1.5 mm to increase the solar cell conversion efficiency. However, the previous part suggests that the optimal f f of the PC could be lower than 0.55, requiring a scale factor √ r ≈ 1.4: a 32% reduction of the pitch and finger's width is enough to ensure that no impact on the series resistance is introduced. Consequently, it should be possible to pattern the TCO so that the optical gain corresponds to a minimum +1 mA cm −2 increase of J sc . Then, our solution is still more interesting even if the pitch is not as low as possible.
Last, one may notice that for thin film HIT solar cells with a thinner c-Si absorber, the short circuit current is actually limited to lower values that reduce the impact of the series resistance, leading to less constraint on the pitch and the width of the fingers.
Influence of the pattern' shape
Reference [11] demonstrates that for reverse pyramids, the filling factor f f must be around 0.9 to maximize the photon current density in the active material. From Figure 4 and Table A.1, this condition typically corresponds to r ≈ 19. On the contrary, with a pattern of cylinder holes, the optimal f f is in the range 0.3-0.6, leading to smaller degradation ratio (typ. r < 4.3). Using Figure 9 , we can deduce that for cylinder holes, the ideal pitch and width of the fingers is closer to the industrial standard processes.
The contour lines of Figure 9 and the relation between filling factor and the degradation ratio (Fig. 4) can be used as an abacus to directly obtain the pitch of the patterned TCO solar cell with the same series resistance. In that case, using equations (9) or (10) and a the simulation of a single period of the photonic crystal, the additional series resistance to be taken into account to convert a local I-V curve into that one of a large device can be calculated. Then, the conversion efficiency of the large solar cell can be calculated.
Conclusion
We report on the increase of the series resistance in thin HIT solar cells when patterning the front TCO layer. We demonstrate that this degradation of the electric properties only depends on the shape and filling factor of the pattern, and not its orientation towards the position of the electric fingers.
We also explain that a single local simulation can be used to calculate the series resistance of a large solar cell, and its conversion efficiency, even taking into account the patterning of the TCO layer.
Last, we demonstrate that the increase of the series resistance can be compensated by lowering the distance between fingers and their width. Then, for a HIT solar cell with a periodic photonic crystal, the increase of the absorption in the active material thanks to the reduction of the parasitic absorption can be completely used to increase the conversion efficiency. The only limitation is the capacity to reduce the finger's width to prevent the increase of optical shadowing. Consequently, the lower parasitic absorption in the TCO layer of a thin HIT solar cell 
